Synopsis Hypotheses of origins and evolution of neurons and synapses are controversial, mostly due to limited comparative data. Here, we investigated the genome-wide distribution of the bilaterian ''synaptic'' and ''neuronal'' proteincoding genes in non-bilaterian basal metazoans (Ctenophora, Porifera, Placozoa, and Cnidaria). First, there are no recognized genes uniquely expressed in neurons across all metazoan lineages. None of the so-called pan-neuronal genes such as embryonic lethal abnormal vision (ELAV), Musashi, or Neuroglobin are expressed exclusively in neurons of the ctenophore Pleurobrachia. Second, our comparative analysis of about 200 genes encoding canonical presynaptic and postsynaptic proteins in bilaterians suggests that there are no true ''pan-synaptic'' genes or genes uniquely and specifically attributed to all classes of synapses. The majority of these genes encode receptive and secretory complexes in a broad spectrum of eukaryotes. Trichoplax (Placozoa) an organism without neurons and synapses has more orthologs of bilaterian synapse-related/neuron-related genes than do ctenophores-the group with well-developed neuronal and synaptic organization. Third, the majority of genes encoding ion channels and ionotropic receptors are broadly expressed in unicellular eukaryotes and non-neuronal tissues in metazoans. Therefore, they cannot be viewed as neuronal markers. Nevertheless, the co-expression of multiple types of ion channels and receptors does correlate with the presence of neural and synaptic organization. As an illustrative example, the ctenophore genomes encode a greater diversity of ion channels and ionotropic receptors compared with the genomes of the placozoan Trichoplax and the demosponge Amphimedon. Surprisingly, both placozoans and sponges have a similar number of orthologs of ''synaptic'' proteins as we identified in the genomes of two ctenophores. Ctenophores have a distinct synaptic organization compared with other animals. Our analysis of transcriptomes from 10 different ctenophores did not detect recognized orthologs of synthetic enzymes encoding several classical, low-molecular-weight (neuro)transmitters; glutamate signaling machinery is one of the few exceptions. Novel peptidergic signaling molecules were predicted for ctenophores, together with the diversity of putative receptors including SCNN1/amiloride-sensitive sodium channel-like channels, many of which could be examples of a lineage-specific expansion within this group. In summary, our analysis supports the hypothesis of independent evolution of neurons and, as corollary, a parallel evolution of synapses. We suggest that the formation of synaptic machinery might occur more than once over 600 million years of animal evolution.
Introduction
The sequencing and initial analysis of the genomes from two separate ctenophores (Ryan et al. 2013; Moroz et al. 2014 ) has ignited debates (Marlow and Arendt 2014; Jékely et al. 2015) and raised questions that address both the proposed position of ctenophores as a sister group to all other animals, and the hypothesis of independent origins of neurons (Moroz 2009 (Moroz , 2014 Moroz et al. 2014) . The terms ''neuronal'' and ''synaptic'' genes are now widely used in comparative literature even when authors refer to organisms without nervous systems and synapses. Here, we would like to clarify both terminology and comparative data about expression of genes related to neuronal and synaptic functions as well as summarize novel information about the phylogenetic position of ctenophores and their neuronal organization.
The two most recent phylogenetic analyses strongly support the placement of ctenophores as the sister group to all other animals (Borowiec et al. 2015; Whelan et al. 2015) . These results further confirm the ''ctenophore-first'' hypothesis reported in two independent genomic studies, each of which used different species and different phylogenomic approaches (Ryan et al. 2013; Moroz et al. 2014) .
Note that the hypothesis of independent origins of neurons is also compatible with the classical placement of sponges as the most ancient branch of the metazoan lineage because, regardless of the topology of the two most basal nodes of the animal tree of life (Fig. 7) , the ctenophore lineage possesses the most unique neural and synaptic organization ever described. This implies extensive lineage-specific innovations in virtually all systems of ctenophores including epigenomic regulations (Dabe et al. 2015; Kohn et al. 2015) , convergent evolution of neuronal signaling (Moroz 2015) , and multicellularity in general (Mikhailov et al. 2009 ).
The answers to two questions are important for the reconstruction of the genealogy of neurons and synapses. Are there any pan-neuronal or pan-synaptic genes? How did neurotransmitter systems originate and evolve? The last question is critical, since neurons are polarized secretory cells (see discussion about definitions of neurons by Moroz 2014 Moroz , 2015 and a substantial part of neuronal architecture is precisely tuned as directional signaling using an enormous diversity of secretory molecules.
No pan-neuronal genes are reported across Metazoa
In initial discussion inspired by the ctenophores' genomes, Marlow and Arendt (2014) stated: ''The presence of neurodevelopmental genes, pre-and postsynaptic modules, and transmitter molecules is consistent with a single origin of neurons''. We think that such ''transfer'' of the term ''neurodevelopmental'' genes from bilaterians to all basal metazoan lineages biases the evolutionary reconstructions, but this raises the question: Do ctenophores use the same subset of genes for neurodevelopment as do bilaterians? Although open to experimental testing, to date there have been no studies designed to reveal the molecular or genomic basis of neurodevelopment in ctenophores. One way to approach this would be to trace the fates of micromeres and macromeres using bilaterian or cnidarian neuron-specific transcriptional factors or molecular markers known to induce and control neurogenesis. This is the critical direction for future research and evolutionary reconstructions.
Another potential misconception is the assumption that some genes exclusively expressed in bilaterian neurons of selected species are pan-neuronal across all metazoans. For example, ''focus on the neuron-specific, embryonic lethal abnormal vision (ELAV)-like'' (Marlow and Arendt 2014) is viewed as the fact that ELAV-like genes are indeed pan-neuronal markers or genes that specifically map all metazoan neurons, but this is not the case. Below, we present three examples illustrating this point.
(1) The ELAV gene was first described in Drosophila as being expressed pan-neurally in the development of this organism (Jimenez and Campos-Ortega 1987; ; White 1988, 1991) . ELAV, which is a RNA-binding protein, was later cloned and characterized in human neurons (Szabo et al. 1991) . However, Fig. 1A shows that of the four human paralogs of the ELAV gene only one, ELAV4, is expressed exclusively in the neurons. The phylogenetic analysis of ELAV and the CUGBR ELAV-related predicted proteins also shows that these two related protein families cluster as specific subtypes ( Fig. 2A) . The Pleurobrachia ELAVs 1, 3, and 4 have clear orthologs in Mnemiopsis, and together they form a separate clade basal to all other proteins in the tree and sister to other ELAVs. Note, Mnemiopsis has four ELAV genes in its genome, whereas Pleurobrachia has only three genes. Interestingly, nerveless Amphimedon queenslandica and Trichoplax adhaerens, as well as the choanoflagellate Monosiga brevicollis-each have one ELAV ortholog ( Fig. 2A) .
Next, we cloned all three Pleurobrachia ELAV genes. Using in situ hybridization, we showed that the ctenophore ELAVs are not expressed in neurons and cannot be viewed as pan-neuronal for this species. Moreover, ELAVs are expressed early in development (Fig. 2C) , before neurons are differentiated (Norekian and Moroz 2015) . ELAV-like genes are highly expressed in comb cells, which are likely derivatives of muscles and specifically labeled by phalloidin (Fig. 2B ) ). Thus, we question whether ELAV-like genes are neuron-specific. Consequently our analysis suggests that they cannot be used as pan-neuronal markers to uniquely map all metazoan neurons.
(2) The lack of pan-neuronal expression can be demonstrated for the Musashi gene. This RNA-binding protein was first described in Drosophila (Nakamura et al. 1994) , and later cloned in humans (Good et al. 1998) . Neither of the two human paralogs of Musashi are expressed exclusively in neurons (Fig. 1B) . We also found that none of the three paralogs of Musashi genes are exclusively expressed in neurons of Pleurobrachia (Fig. 2D) . Musashi genes are highly expressed in early developmental stages, before the appearance of neurons (Fig. 2E) . As with ELAVs, we detected a high level of Musashi expression in the comb plates and non-neuronal cells around the aboral organ (Fig. 2D ).
(3) Finally, we tested whether Neuroglobin orthologs show neuron-specific expression in Pleurobrachia. Neuroglobin was proposed to be involved in the evolution of neural systems (Lechauve et al. 2013) , and it is one of the candidates for pan-neuronal genes in metazoans. Again, neither RNA-seq analysis nor in situ hybridization confirmed differential expression of Neuroglobin in neural elements of Pleurobrachia (Fig. 2F) . In contrast, non-neuronal cells in comb plates and tentacles show very high levels of Neuroglobin expression ( Fig. 2F and G). All microarray expression data are from BioGPS-a free gene portal for annotation and quantification of genes (Wu et al. 2009 (Wu et al. , 2013 . The dataset for humans was obtained from GeneAtlas U133A, gcrma which used high-density oligonucleotide arrays to interrogate the expression of the majority of protein-encoding genes from 79 human tissues (Su et al. 2002 (Su et al. , 2004 . Protein structure for both ELAVL4 (C) and Musashi 1 (D) are from the Protein Data Bases, PDBe (Drew et al. 1981 ) and RCSB PDB: www.rcsb.org (Berman et al. 2000a (Berman et al. , 2000b . ELAVL4 Protein ID: doi: 10.2210/PBD ID:1fxl (Wang and Tanaka Hall 2001) and Musashi 1 doi: 10.2210/Protein ID: 1uaw (Miyanoiri et al. 2003) . Genomic organization was obtained from NCBI HomoloGene. The human ELAV genes have five to seven exons, and we used Gene ID:1996 ELAVL4 as a representative example. Musashi genes in humans have 13-14 exons, and we used Gene ID: 4440 Musashi 1 as a representative example. (This figure is available in black and white in print and in color at Integrative and Comparative Biology online.) Fig. 2 The distribution and expression of bilaterian neuronal markers in the ctenophore Pleurobrachia. (A) The genealogy of ELAV-like proteins and related members of the CELF/BRUNOL (CUGBP-like) family. The phylogenetic analysis shows that these two related protein families cluster separately. The Pleurobrachia ELAVs, 1, 3, and 4 cluster with Mnemiopsis ELAVs, and the ctenophore proteins form a separate clade basal to all other species with ELAVs. (B) Expression patterns of Pleurobrachia ELAV genes. The in situ hybridization for PbELAV3 indicates that its expression is highest in the comb plates. Insert shows immunohistochemistry for the comb plate muscles (red, in the online version) stained by phalloidin and tyrosinated -tubulin for subepithelial neural net (green, in the online version). The staining of the muscles in the comb plates is the same location as the localization of the Pleurobrachia ELAV3 RNA in the in situ hybridization (modified from Moroz et al. 2014 ). (C) RNA-seq data also show highest levels of expression in the combs for the three Pleurobrachia paralogs of ELAV. Earlier we reported that some genes (e.g., Dicer-3 and WntX) that are not recognized as neuronspecific in bilaterians and cnidarians were differentially expressed in some, but not all, neural tissues of Pleurobrachia .
In summary, to the best of our knowledge, we cannot assign any single gene as pan-neuronal across all metazoan lineages. We do not exclude the possibility that some genes could be uniquely and differentially expressed in all metazoan neurons and, therefore, be used as pan-neuronal markers from ctenophores and cnidarians to priapulids and echinoderms. However, at this moment the use of the term ''pan-neuronal'' should be carefully evaluated and specifically related to taxa investigated in sufficient detail.
Are there low-molecular-weight neurotransmitters in ctenophores?
A synapse is a complex structure composed of three major parts: a presynaptic terminal, a synaptic cleft, and a postsynaptic complex, and these components are comprised of hundreds of proteins. There are two major classes of synapses: electrical and chemical. Chemical transmission requires an orchestrated order of dozens of molecular events including synthesis of the transmitter, its storage in synaptic vesicles, their polarized transport to synaptic terminals, release of the transmitter via Ca-dependent exocytosis, and reception by a postsynaptic complex.
Our combined molecular, ultrasensitive metabolomic, immunohistochemical, and pharmacological data strongly suggest that ctenophores do not use serotonin, acetylcholine, dopamine, noradrenaline, adrenaline, octopamine, or histamine as intercellular messengers. Importantly, genomic predictions were experimentally validated using ultrasensitive capillary electrophoresis (with attomole limits of detection) .
We did obtain initial evidence for the neuromuscular transmitter function of glutamate . We also detected glutamic acid decarboxylase, which converts glutamate to gamma-aminobutyric acid (GABA). However, GABA was detected in ctenophore muscles, but not in neurons, suggesting GABA functions as a metabolic/bioenergetic intermediate, and a possible by-product of the inactivation of glutamate. In addition, we identified the gene encoding the nitric oxide (NO) synthetic enzyme (nitric oxide synthase or NOS) in Mnemiopsis but did not find it in some other ctenophores, including Pleurobrachia (Table 2) . Nevertheless, NO is the most widespread messenger across all domains of life (Moroz and Kohn 2011) , and even in mammals the majority of NO's functions are not neuronal.
Thus, the presence or absence of the NOS enzymes cannot be used as a neuronal or synaptic markers. Admittedly, there are examples of lineage-specific expansion of neuronal nitrergic systems, e.g., electrical fish or salamander retina (Kurenny et al. 1994; Kurenni et al. 1995) , but, there are also cases of expansion of non-neuronal nitrergic signaling, e.g., in Trichoplax or in cnidarians, where most of NOS have non-neuronal localization, with Aglantha as one of the noticeable exceptions (Moroz et al. 2004) .
We re-examined available comparative data, including two genomes and transcriptomes from 10 species of ctenophores, and did not detect any ortholog of genes encoding the synthetic enzymes for known bilaterian/cnidarian classical neurotransmitters, with glutamate being an exception (Fig. 3A) .
Easily recognized by sequence motifs, genes encoding synthesis of known catecholamines were absent in ctenophores. The list includes tyrosine hydroxylase, L-aromatic amino acid decarboxylase/DOPA decarboxylase, dopamine beta-hydroxylase, and phenylethanolamine N-methyltransferase. Genes encoding degradation enzymes for catecholamines catechol-O-methyltransferase were not detected either. However, we identified a monoamine oxidase B that shares highest identity to the bacterial form and might be a result of lateral transfer of genes.
We found no signature for enzymes encoding synthesis of serotonin or melatonin including tryptophan hydroxylase in ctenophores ( Fig. 3A and B) . However, we detected a phenylalanine hydroxylaselike transcript, but the phylogenetic analysis indicates that it is not related to the tryptophan hydroxylase family ( Fig. 3A and B) . Neither the histamine biosynthetic enzyme, histidine decarboxylase (HDC), nor the degradation enzyme, histamine N-methyltransferase, was detected.
The key synthetic enzyme for acetylcholine is choline acetyltransferase (ChAT). Surprisingly, there was no evidence for acetylcholine signaling in ctenophores; both ChAT ( Fig. 3A and B) and acetylcholine itself were absent across all species investigated . Moreover, we did not observe pharmacological effects of acetylcholine on the contraction of muscles, on the beating of cilia, or on whole-animal behavior in either Pleurobrachia or Bolinopsis. Anctil (1985) reported that application of acetylcholine changes bioluminescence in Mnemiopsis (Anctil 1985) but his observations need to be viewed with some caution. The physiological action of any exogenous substance cannot be considered as the sole evidence for the presence of that endogenous signal molecule. No known acetylcholine synthetic enzyme is encoded in the Mnemiopsis genome. Caution should also be taken in the interpretation of the presence of some esterases. For example, Jékely et al. (2015) stated: ''The presence of acetylcholinesterase in the M. leidyi genome also indicates that acetylcholine may be present in this species''; the same ''lines of evidence uniting the nervous systems of ctenophores, cnidarians, and bilaterians'' were considered by Ryan (2014) . Unbiased re-evaluation of these molecular markers was discussed by Moroz (2015) . In the context of cholinergic signaling, we stress that acetylcholinesterase is the degradation enzyme of acetylcholine-like molecules (e.g., butyryl-choline) and not the synthetic enzyme. Moreover, phylogenomic analysis suggests that genes reported in the ctenophore genomes belong to related groups of esterases, and they might have different substrate specificity. Polyclonal antibodies used in the past can have cross reactivity and cross-antigenicity to butyrylcholinesterase . A genome-wide search supported the hypothesis that the critical enzymes for each pathway are absent in Pleurobrachia (crosses X). Only phenylalanine hydroxylase (PH), which clustered phylogenetically with other PHs, was identified in both Pleurobrachia and Mnemiopsis. Neither tryptophan hydroxylase (TPH) nor tyrosine hydroxylase (TH) were detected in any ctenophore sequenced so far. We found no evidence for cholinergic signaling due to the absence of ChAT. We detected a related gene-CPT (Carnitine Palmitoyltransferase). However, all ctenophore CPT sequences cluster phylogenetically with other bilaterian CPTs, but not with ChAT (Choline Acelyltransferase). See Supplementary Material for methods and accession numbers of the sequences used in the analysis. (This figure is available in black and white in print and in color at Integrative and Comparative Biology online.) (a non-specific cholinesterase enzyme) as reported elsewhere (George et al. 2002) . In summary, at present we do not see any convincing evidence for the presence of cholinergic neuronal signaling in ctenophores.
Do non-metazoan groups contain molecules known to function as (neuro)-transmitters in metazoan animals?
The brief answer is ''Yes''. For example, glutamate is widely used as a signaling molecule throughout virtually all living organisms (Table 1) . There is evidence for the presence in eukaryotes and prokaryotes of several other molecules such as histamine, GABA, and some catecholamines, but it is not obvious that their synthesis and their functions are similar to those in animals. Moreover, the presence of a sequence or domain cannot infer function (Ryan and Grant 2009) . Table 1 illustrates the presence of orthologs of genes encoding biosynthetic pathways of ''classical'' lowmolecular-weight neurotransmitters in several reference species of animals and representatives of other eukaryotic and prokaryotic lineages. Specifically, we screened available genomic and transcriptomic data using both whole-genome assemblies (the most recent number of genomes sequenced on NCBI is 11,179 from eukaryotes, prokaryotes, viruses, plasmids, and organelles) and the Sequence Read Archives/NCBI (depository of highthroughputs sequencing data). We briefly summarize the results of our comparative analysis.
First, the Group II pyridoxal-dependent decarboxylase enzymes (PF00282), including glutamate, histidine, tyrosine, and aromatic-L-amino-acid decarboxylases (AAADs), are found throughout all domains of life, and are associated with evolutionarily conserved pathways of amino-acid metabolism and bioenergetics. Glutamate decarboxylase (GAD), a GABA synthetic enzyme, is also widely distributed across both prokaryotes and eukaryotes, with some examples of convergent evolution (Sukhareva and Mamaeva 2002) .
The specificity of AAADs is difficult to access in silico. Direct biochemical and microchemical assays should be performed to define either the properties of respected enzymes or their products in distantly related lineages. It is well known that even a single amino-acid substitution in catalytic centers might have a substantial effect on the substrate's specificity. The bacterial HDC (Rosenthaler et al. 1965 ) has been extensively studied, and archaean HDC shares high identity with it, but there is very little identity with other HDCs. Histamine itself is found both in prokaryotes and eukaryotes, including plants such as the well-known stinging nettles. Yet, assays of HDC activity are ambiguous because histamine is also produced by bacteria in the process of ripening or even when exposed to ultraviolet light. Thus, careful metabolomic analysis of any targeted plant enzyme product is required to characterize its enzymatic specificity as a member of the AAAD family.
Tryptophan/tryrosine decarboxylases are present in plants and are used in the production of arylalkylamines and aromatic acetaldehydes (Torrens-Spence et al. 2013 ). However, these plant decarboxylases share no identity with other metazoan tryptophan/tryrosine decarboxylases. The choanoflagellate Monosiga appears to have only a GAD, whereas the more basally branched lineages, represented by Capsaspora, have a GAD, an AAAD, and a serine decarboxylase.
In summary, the reconstruction of the origins and early evolution of classical transmitters in metazoans is an open area for future research, and there is a possibility that the majority of these transmitters were recruited to neuronal functions in the common bilaterian/cnidarian ancestor, but not in the ctenophore lineage, as suggested by Moroz et al. (2014) .
Are there classical low-molecular-weight transmitters in Porifera?
Unfortunately, in sponges, as in many other basal metazoans except ctenophores (see Moroz et al. 2014) , no direct biochemical or microchemical measurements for these transmitters/signaling molecules have been performed. Antibodies have been used, but it can be problematic because of potential crossreactivity and nonspecificity. The presence of dopamine--decarboxylase (Riesgo et al. 2014 ) and tyrosine decarboxylase (Srivastava et al. 2010 ) has been suggested for Porifera from sequencing data, but no products of these two predicted enzymes were measured.
To the best of our knowledge, only cnidarians and bilaterians have ChAT, the synthetic enzyme for acetylcholine, and only cnidarians and bilaterians use acetylcholine as a signal molecule in general, and a neurotransmitter in particular (Kass-Simon and Pierobon 2007; Anctil 2009). Bacteria, fungi, and all other basal metazoans have carnitine-O-palmitoyltransferases (CPT), which do not synthesize acetylcholine. So, it is reasonable to suggest that acetylcholine was recruited into neuronal signaling in the common ancestor of Cnidaria and Bilateria.
Are there pan-synaptic genes?
Porifera and Placozoa do not have neurons and synapses, but so-called ''protosynapses'' or ''protosynaptic'' genes were described in Amphimedon (Ryan and Grant 2009; Srivastava et al. 2010; Emes and Grant 2012) . At that time, sponges were considered as the sister lineage to all other metazoans and the lineage representing one of the ancestral types of animal organization. Later, during the annotation of eight sponge transcriptomes, Riesgo et al. (2014) used the term ''synaptic genes'', which we think is misleading due to a primary absence both of neurons and synapses in the common ancestor of sponges. The possibility of the secondary loss of neurons and synapses in sponges is highly unlikely. Because transcriptomes contain partial sequences, cloning and expression analysis is especially important because sponges are highly symbiotic organisms, and contamination from other prokaryotes and eukaryotes cannot be excluded.
Deciphering the biosynthetic machinery of neurotransmitters and their pathways is less complicated compared with defining the presynaptic and postsynaptic complement. Both the presynaptic and the postsynaptic machinery are ambiguous and hard to characterize. There is no detailed molecular description of a molecular composition of synapses, except for a few model organisms such as rodents, Drosophila, and Caenorhabditis elegans, as well as initial data obtained from the sea slug Aplysia (Puthanveettil et al. 2013) . Wilhelm et al. (2014) employed quantitative immunoblotting, mass spectrometry, and electron microscopy to display in 3D space approximately 300,000 proteins in atomic detail. This is by far the most unbiased approach to the making of an inventory of presynaptic and postsynaptic molecules (Wilhelm et al. 2014 ), and we use it as our primarily reference set of genes to screen for their orthologs across basal metazoans. Table 2 summarizes the presence/absence of these reference genes from sequenced genomes of two unicellular organisms, Capsaspora and Monosiga, and two ctenophores Pleurobrachia and Mnemiopsis, as well as from Amphimedon, Trichoplax, Nematostella, Rattus, and humans. Stringent requirements were used for consideration of presence/absence of these reference genes (e-value 5 10 À10 ). High identity was required and not just detection of a PFAM domain or even a gene in the same gene family was enough to be considered present in Table 2 . The presence of a gene is marked by a colored box in each category. Transporters and receptors are also indicated by the number of genes detected in a particular species. None of ctenophores examined had recognizable genes encoding vesicular glutamate, GABA, monoamine, or acetylcholine transporters. There was a large expansion of eight sialin-like transporters (SLC17A5) each in Pleurobrachia and Mnemiopsis, compared with humans that only have one sialin. This solute carrier family 17 (acidic sugar transporter), member 5 is involved in synaptic vesicular transport of aspartate and glutamate and, when present in lysosomes, acts as an H þ -coupled sialic-acid exporter (Anne and Gasnier 2014) . The other related transporters include three excitatory amino-acid transporters and one betaine transporter for Pleurobrachia and Mnemiopsis.
The predicted presynaptic and postsynaptic gene complement in Pleurobrachia and Mnemiopsis is highly mosaic, but overall has a reduced number of components compared with cnidarians and bilaterians. To our surprise the nerveless Trichoplax had more orthologs of bilaterian synaptic proteins than did either Pleurobrachia or Mnemiopsis, which both possess well-developed neurons and synapses (Fig. 5A) . In contrast, the total number of ion channels in species with no neurons or synapses was substantially lower Unbiased view of synapse compared with species with neurons and synapses (Fig. 5B) .
Complexin, which binds to the SNARE protein complex and is involved in fusion of synaptic vesicles and release of neurotransmitter, is the only gene we found to be present in representatives of 4 out of 5 basal metazoan lineages with neurons (the cnidarian Nematostella is the only exception). At this moment, we cannot attribute any gene as pan-synaptic. This situation probably reflects the pre-metazoan origin both of the Ca-dependent exocytosis and receptor complexes; early in eukaryotic evolution there was lineage-specific expansion of certain components of this machinery. We also hypothesize that many of these secretory and receptor components were independently recruited for signaling/synaptic functions in different ancestral lineages of cells.
Both functional and molecular studies are needed to characterize the synapses and synaptogenesis of ctenophores. Some approaches might include tracing the fates of micromeres and macromeres to identify neuronal precursor cell lineages and associated ctenophore-specific genes involved in neuronal differentiation and synapse formation, and knockouts or CRISPR/Cas9-like studies to test the involvement of different genes and proteins in synaptic transmission and behavior.
Diversity and parallel evolution of the ion-channel complement in ctenophores
Ion channels are intimately involved in virtually every physiological process in multicellular organisms and frequently used as neuronal markers. The common feature of channel proteins is the ability to form an ion-permeable pore through a biological membrane. As such, ion channels can be classified by the nature of their gating, the species of ions passing through those gates, the number of gates (pores), and the localization of proteins (Shapiro et al. 2001) . The gating or opening and closing of ion channels can be further classified as voltagegated, ligand-gated, cyclic nucleotide-gated, or mechanosensory, light-gated, or temperature-gated (Shapiro et al. 2001) . Although ion channels are widely expressed in neurons we cannot infer that they act as markers for pan-neuronal genes. Across a vast diversity of types of cells, these pore-forming proteins universally establish resting membrane potentials, shape action potentials, and contribute to conductive functions crucial for secretion, contraction, reception, and homeostasis. Figure 4 summarizes the distribution of synaptic proteins and ion channels across animals and metazoan sister-lineages.
As in many other lineages, the ctenophore ionchannel/receptor-channel complement has examples of numerous losses and gains of genes and lineagespecific diversifications (Fig. 4) . Our reanalysis suggests that the genome of Pleurobrachia has more voltage-gated, calcium-activated, inward-rectifying, and tandem-pore-domain potassium channels than originally described . Figure 4 also illustrates that the majority of types of ion channels are not metazoan innovations, although the genomes of Monosiga and Capsaspora have a reduced representation of ion channels with multiple gene-loss events. For example, we found that the genomes both of Pleurobrachia and Mnemiopsis contain one gene encoding the voltagegated proton (H þ ) channel. The genomes of green algae, slime molds, dinoflagellates, and diatoms also encode these channels (DeCoursey 2013), but this is not the case for Monosiga and Capsaspora. The Catsper cation channels that form two-pore voltage-gated Ca 2þ channels, and were thought to be specific to sperm, are encoded in the genomes of ctenophores. Both Monosiga and Capsaspora apparently lost Catsper channels, because the apusozoan protist, Thecamonas trahens, has a Catsper channel (Cai et al. 2014) .
There are two illustrative examples of ion-channel losses in ctenophores. First, none of the genomes or transcriptomes of ctenophores contained a sodium leak channel (NALCN), suggesting its secondary loss in ctenophores, because NALCN has been shown to be related to fungal voltage-gated Ca 2þ channels (Liebeskind et al. 2012) . Second, the hyperpolarization-activated cyclic nucleotide-gated (HCN) channels were lost in ctenophores, sponges, and placozoans, because HCN channels are detected in the choanoflagellate Salpingoeca rosetta (Cai 2012) .
In contrast, there is a large expansion of genes encoding the epithelial sodium channel (ENaC) family ENaC/SCNN1, including amiloride-sensitive sodium channels (ASICs) in ctenophores and Nematostella (Fig. 4, highlighted in dark gray) . These SCNN1/ASIC-like channels are not present in the genomes of Monosiga or Capsaspora; however, they are present in the eukaryotic microbe Naegleria (Studer et al. 2011) . Another example of remarkable expansion of ion channels in ctenophores is ionotropic glutamate receptors (iGluRs). These ionotropic receptors are fast-acting ligand-gated channels (iGluR, ChRN, HTR3, GABA, and CLR). Although, ionotropic glutamate receptors are present in plants (Davenport 2002; Forde 2014; Forde and Roberts 2014) , they are very distantly related to iGluRs, thereby suggesting an extensive parallel evolution of this ancient type of Glu-mediated signaling in eukaryotes. Yet, the superfamily of Cys-loop receptors may have prokaryotic origins since apparent orthologs of these receptors are present in several bacteria and in the archaeon Methanosarcina (Tasneem et al. 2005) .
In summary, the genomes of both Pleurobrachia and Mnemiopsis contain 131 channels/receptors compared with 61 and 49 channel-coding genes, respectively, in Trichoplax and Amphimedon (Fig. 4) . Animals with neural organization definitely have a far greater number and diversity of ion channels/ receptors compared with species without neurons. We think that there may be a ''critical mass'' or a sort of ''threshold'' for the number of ion channels/ receptors needed to support neural functions (Fig. 5B) . In contrast, the numbers of presumed exocytosis/synaptic-like proteins in animals with and without neurons do not differ greatly across species (Fig. 5A ). This reinforces our doubts to their use as pan-synaptic markers. The hypothesis of convergent evolution of synapses can be viewed as a corollary of the hypothesis of convergent evolution of neurons (Moroz 2015) and it is, we feel, one of the most likely reconstructions of the evolution of neural systems across the basal metazoans. Parallel evolution of peptidergic signaling in ctenophores Peptidergic signaling may have been one of the most ancient forms of signaling in the eukaryotes, with the first nervous systems being primarily peptidergic. These types of neural signaling molecules may have evolved in ctenophores independently from other metazoans.
Large precursor molecules encoding neuropeptides have a signal motif, which is removed in the endoplasmic reticulum. The prohormone or peptide precursor has a number of monobasic and dibasic cleavage sites that often flank the active peptide. This is the common and evolutionarily conserved machinery for the majority of eukaryotes, including fungi.
Many prohormones have highly repetitive regions encoding active peptides, as in the Pleurobrachia prohormone GEVDin that has 38 repeats of the amino-acid residues GEVDin (Acc No. JQ700310). As a result, it is possible to predict some precursors and small peptide candidates computationally. Another criterion for the prohormone search is the absence of transmembrane (TM) domains. We incorporated these parameters in a customized software package to predict secretory molecules, with 499 putative secretory peptides identified in the genome of Pleurobrachia. Of those, 72 novel putative prohormones were analyzed, and many of them were cloned and localized using in situ hybridization . Importantly, none of these putative prohormones have orthologs across Metazoa.
Using immunostaining some authors suggest the presence of the tetrapeptide FMRFamide (Phe-MetArg-Phe) in Pleurobrachia (Jager et al. 2011; Ryan 2014; Jékely et al. 2015) . Indeed, FMRFamide is known as a popular marker for some neuronal populations in bilaterians and cnidarians, but neither FMRFamide nor any related peptides (FaRPs) were identified in the genomes and transcriptomes of ctenophores. Similarly, vasopressin-like immunoreactivity was detected in ctenophores but there are no vasopressin-like prohormones encoded in the genomes and transcriptomes of ctenophores. Thus, immunostaining can be misleading in the interpretation of the neuropeptide complement due to cross-reactivity and reduced specificity of immunohistochemical techniques.
The dynamics of transmitters' release, their action and inactivation are different between conventional low-molecular-weight neurotransmitters and neuropeptides. After removal of the signal-peptide sequence in the endoplasmic reticulum, the neuropeptide precursor molecules can move to the Golgi complex for further processing by endopeptidases, then packaged into the large, dense-core vesicles (LDCVs) where further posttranslational modifications might occur during anterograde transport to synaptic terminals. A LDCV is used only once and cannot be recycled (reviewed by De Haes et al. 2014) . This is one of the substantial differences between classical and peptidergic transmission.
In mammals, the small secretory vesicles that contain the conventional neurotransmitters are secreted after cytosolic levels of calcium ions reach concentrations of 50-100 mM (Granfeldt et al. 2006) . However, signaling peptides are released from their LDCVs at lower concentrations of cytosolic calcium ions. Also the influx of calcium ions that stimulates exocytosis of the LDCVs may come either from internal stores or from the TM voltage-gated Ca-channels. Release of conventional neurotransmitters is thought to occur very close to the site of entry of calcium ions, while neuropeptides can be released at a distance from the site of the entry of calcium ions. This implies that neuropeptides can be secreted away from the synaptic active zone-the process known as non-synaptic or volume transmission, which also might be one of the ancestral types of signaling in first (proto)neural systems.
Another major difference between classical neurotransmitters and the processing of neuropeptides is the type of inactivation; neuropeptides are inactivated by metalloendopeptidase and not recycled or degraded as are the classical neurotransmitters. In Pleurobrachia, we found two of these proteolytic enzymes, which convert unprocessed peptides to intermediate substrates and generate the biologically active products PC1/3 and furin. Peptidylglycine alpha-amidating monooxygenase (PAM), which catalyzes precursor peptides to active alpha-amidated products, was also detected. Interestingly, expressions of PC1/3, furin, and PAM were observed throughout development in the absence of differentiated neurons. In the adult stages the tentacles have highest levels of expression (Fig. 6A) . The tentacles contain colloblasts-the specialized cells secreting glue-type molecules, and possible toxins, used in capturing prey. Thus, some tentacle-specific secretory peptides might not be released from neurons.
What are peptide receptors in ctenophores? Can these receptors mediate fast synaptic transmission?
The observed patterns of gene expression suggest that the tentacles, followed by the combs and aboral organ are processing a large number of predicted prohormones/secretory molecules. The degenerin (Deg)/ENaC are the most promising candidates for ligand-gated peptide receptors with 29 genes encoded in the genome of Pleurobrachia. We looked at the additive expression of all these 29 channels because they are proposed to be gated both by small peptides and by protons (H þ ) released from highly acidic synaptic vesicles. We found that tentacles have the highest level of expression compared with all other developmental stages and tissues (Fig. 6A) .
The Deg/ENaCs are the superfamily comprised of four sodium-channel non-neuronal 1 channels (SCNN1A, B, G, and D), five amiloride-sensitive sodium channels (ASIC1-5), and the distantly related mechanically activated channels, MEC/degenerin (DEG). Here, we focused on the SCNN1/ASIClike channels. The SCNN1s are constitutively active ion-channels and identified in epithelial cells, where they are involved in sodium transport Schild 2002, 2015) . ASICs are voltage-insensitive cationic channels directly activated by extracellular protons Schild 2002, 2015) . Until recently the ASIC-5 channel was an orphan member of the ASIC family (Boiko et al. 2014) . ASIC and ASIC-like channels can be gated by amiloride, small molecules, toxins, protons (H þ ), and a variety of peptides (Krishtal 2003) . All SCNN1/ASICs have a similar topology ( Fig. 6B and C) : two TM-spanning segments, separated by a large extracellular loop that usually contains cysteine-rich domains (CRDs). In vertebrate channels there are a few highly conserved motifs: (1) HG motif (His-Gly) located in the NH2-terminal cytoplasmic domain; (2) a FPxxTxC sequence following the TM1 (post-TM1); and (3) a stretch of three conserved amino acids, G/SxS preceding the putative TM2 segment and the selectivity filter, which is part of the pore Schild 2002, 2015; Krishtal 2003) .
All channels of Pleurobrachia and Mnemiopsis that contained an ASIC PFAM domain PF00858 also had Blast hits to ASIC-like channels but with very low expect (e) values. Without an extensive analysis, as described for Hydra (Golubovic et al. 2007; Chapman et al. 2010; Durrnagel et al. 2010) , neither functions nor accurate nomenclature can be assigned to any of these channels in ctenophores; thus, we used the term SCNN1/ASIC-like channels.
Apparently, SCNN1/ASIC-like channels are not a metazoan innovation, because the eukaryotic microbe Naegleria gruberi contains approximately 12 SCNN1/ASIC-like channels (Studer et al. 2011) and they are divergent (Fig. 6C) . Most SCNN1/ ASIC-like channels of ctenophores contain the conserved motifs, similar to the situation in vertebrates (Grunder et al. 1999) , including disulfide bridges. One disulfide bridge is critical for proper protein folding and belongs to the FPxxTxC motif. This motif is present in most of the species investigated, including Naegleria (Jasti et al. 2007 ). Interestingly, ASIC-5 of humans clusters with respective channels in Trichoplax (Studer et al. 2011) , suggesting that the origin of this type of channel might predate the common bilaterian ancestor (Fig. 6D) .
Besides the ligand-gated SCNN1/ASIC-like channels there are more than 100 orphan neuropeptide-like G-protein-coupled receptors that can also be targets for many of the novel prohormones in ctenophores Krishnan and Schioth 2015) .
Morphological and genomic correlates of parallel evolution of ctenophores' synapses
Both morphological and genomic data suggest that the synaptic machinery of ctenophores contains a number of distinct features-reflected in including quite unique synaptic ultrastructure. The synapses of ctenophores have a pre-synaptic triad comprised of a sac containing endoplasmic reticulum and rough reticulum connected to the nucleus that is also fused with a row of synaptic vesicles lining the synaptic membrane, and at least one mitochondrion (Hernandez-Nicaise 1973 , 1991 . This unusual synaptic morphology might support elaborate peptidergic signaling. For example, in peptidergic synapses, having the nucleus connected in the presynaptic triad can be economical for fast mRNA synthesis and delivery due to the close proximity to the endoplasmic reticulum, required for immediate synthesis of protein, followed by packaging into LDCV. This type of energy-demanding processing can be further supported by the presence of large ctenophore mitochondria placed in close proximity to the synaptic apparatus, and hence the formation of the pre-synaptic triad. The apparent lack of an ''active zone'' described in ctenophore synapses might also be indicative of a peptidergic synapse because exocytosis of the LDCV usually is less restricted to a specific position in terminals, and the presence of a well-defined ''active zone'' may not be necessary.
The described unusual synaptic morphology might also be reflected in the observed mosaic combination of ancestral and derived features of ctenophores' neuronal/synaptic complement. For example, Pleurobrachia and 10 other ctenophores investigated (Jasti et al. 2007 ). (C) Alignment of conserved pore region in SCNN1/ASIC-like channels. The location and amino-acid residues for the degeneration-inducing mutation site, the amiloride-binding site, and the selective filter are indicated on the top of the alignment. The locations of transmembrane domains are listed at the bottom of the alignment. Both ctenophores' SCNN1/ASIC-like channels contained an aspartic-acid residue (D) instead of a glycine residue (G) in the amiloride-binding site and a phenylalanine residue (F) as the x in the selectivity filter consisting of the G/SxS motif Schild 2002, 2015) . Overall, both the Pleurobrachia and Mnemiopsis ASIC-like channels have a conserved pore region. (D) The genealogical analysis of SCNN1/ASIC-like channels. All Amphimedon channels form their own clade. All human SCNN1 sequences cluster together as do the human ASIC1-4, whereas the ASIC-5 from humans clusters with Trichopax channels. The Naeglerias' channels appear at the base of the tree. Ctenophore SCNN1/ASIC-like channels share highest identity to each other and form their own unique cluster basal to all other animals. See Supplementary Material for methods and accession numbers of the sequences used in this analysis. (This figure is available in black and white in print and in color at Integrative and Comparative Biology online.) lack neuroligin (Table 2) , but have a basal type of neurexins-a key component bringing together presynapatic and postsynaptic membranes in bilaterians (Bang and Owczarek 2013) . Neuroligin is apparently lost in Nematostella. Predicted ''synapse-associated genes'' in ctenophores are consistently expressed during early development in the absence of the recognized neurons ). This fact further suggests ancestral functions of many components of ubiquitous secretory and receptor machineries in eukaryotes. Figure 7 shows the simplified diagram summarizing the evolution of major transmitter systems, and a possibility of multiple origins of neural systems in Metazoa. The majority of the canonical low-molecular-weight transmitters were recruited to neural signaling in the bilaterian-cnidarian ancestor, while ctenophores had independently developed intercellular messengers for neuronal communications. In addition to chemical transmission, ctenophores also evolved an enormous diversity of electrical synapses (absent in two classes of Cnidaria-Scyphozoa and Anthozoa [Mackie et al. 1984 ], including the model anthozoan Nematostella, sponges, and placozoans). No chordate-specific connexins are encoded in the genome of Pleurobrachia. By itself, it is a remarkable case of convergent evolution of electrical synapses. In ctenophores, we identified 12 genes encoding gapjunction proteins of the pannexins/innexins superfamily (Panchin 2005; Abascal and Zardoya 2013 )-all of them have their highest expression in the aboral organ, followed by tentacles and combs , thereby confirming complex regulation of excitability in these structures. We do not find any gap-junction orthologs in choanoflagellates or other basal eukaryotic groups, suggesting that pannexins/innexins are metazoan innovations with the profound expansion of this family in the ctenophore lineage. Finally, Pleurobrachia has a greater diversity of aquaporins (water channels) (Papadopoulos and Verkman 2013) then do all other basal metazoans combined ), but their functions are yet to be determined. Moroz et al. 2014; Whelan et al. 2015 for details of the presented phylogeny). Majority of canonical low-molecular-weight transmitters (serotonin, acetylcholine, dopamine, octopamine, noradrenaline, adrenaline, histamine, GABA) were recruited to neural signaling in the bilateriancnidarian ancestor, while ctenophores had independently developed a diversity of intercellular messengers (including signaling peptides) for neural communications. L-Glutamate might also be independently recruited for neural signaling in ctenophores and bilaterian/ cnidarian clades. Sponges (Porifera) and placozoans represent lineages with the primary absence of neural systems. Two lighting signs indicate origins of neurons, synapses, muscles, and mesoderm in ctenophores and bilaterian/cnidarian clades, respectively. (This figure is available in black and white in print and in color at Integrative and Comparative Biology online.)
Conclusion

